The close correlation between energy supply by blood vessels and energy consumption by cellular processes in the brain is the basis of blood flow-related functional imaging techniques. Regional differences in vascular density can be detected using high-resolution functional magnetic resonance imaging. Therefore, inhomogeneities in vascularization might help to identify anatomically distinct areas noninvasively in vivo. It was reported previously that cytochrome oxidase-rich blobs in the striate cortex of squirrel monkeys are characterized by a notably higher vascular density (42% higher than interblob regions). However, blobs have so far never been identified in vivo on the basis of their vascular density. Here, we analyzed blobs of the primary visual cortex of squirrel monkeys and macaques with respect to the relationship between vascularization and cytochrome oxidase activity. By double staining with cytochrome oxidase enzyme histochemistry to define the blobs and collagen type IV immunohistochemistry to quantify the blood vessels, a close correlation between oxidative metabolism and vascularization was confirmed and quantified in detail. The vascular length density in cytochrome oxidase blobs was on average 4.5% higher than in the interblob regions, a difference almost one order of magnitude smaller than previously reported. Thus, the vascular density that is closely associated with local average metabolic activity is a structural equivalent of cerebral metabolism and blood flow. However, the quantitative differences in vascularization between blob and interblob regions are small and below the detectability threshold of the noninvasive hemodynamic imaging methods of today.
Introduction
Cytochrome oxidase (CO) blobs in the primary visual cortex V1 of macaques were described Ͼ25 years ago (Horton and Hubel, 1981) . Because their functions remain elusive (Sincich and Horton, 2005) , noninvasive functional imaging techniques could be a valuable tool for research in this field. Blobs are characterized anatomically as zones of increased CO activity in all cortical layers except IVa and IVc of area V1 (Hendrickson et al., 1981; Horton and Hubel, 1981) and most prominent in lower layer II/III. Blobs have been described for some mammalian species, such as the cat (Murphy et al., 1995) , and all primates examined so far [e.g., squirrel monkeys (Fitzpatrick et al., 1983; Carroll and WongRiley, 1984) , macaques (Horton and Hubel, 1981) , and humans (Horton and Hedley-Whyte, 1984; Adams et al., 2007) ]. Although there is converging evidence that they are involved in the processing of color, the exact function of blobs remains obscure. Two recent publications (Sincich and Horton, 2005; Lu and Roe, 2008) have provided comprehensive overviews of efforts undertaken so far to clarify this issue. According to these investigators, the conflicting results achieved with methods such as electrophysiology (Livingstone and Hubel, 1988; Ts'O and Gilbert, 1988; Yoshioka and Dow, 1996) and optical imaging (Landisman and Ts'O, 2002) are not necessarily exclusive.
One undisputed fact is the increased oxidative metabolism of the blobs, as shown by CO histochemistry. Such metabolic activity patterns have been linked to certain cortical pathways in primates (Fitzpatrick et al., 1983; Levitt et al., 1995) and correlated with capillary density in rodents (Borowsky and Collins, 1989; Woolsey and Rovainen, 1991) . The relationship between vascularization and CO activity has been confirmed by subsequent studies in primates (Zheng et al., 1991; Weber et al., 2008) . Specifically, Zheng and colleagues found a difference of 42% in vascular density between blobs and interblobs and also more of the large perpendicular vessels within the blobs in Saimiri. Our own recent study found a close correlation between vascularization and laminar organization of CO activity in V1 of macaques (Weber et al., 2008) . Layer IVc, with the highest vascular density, was different from the other cortical layers by ϳ30%, rendering it clearly discernable in high-resolution spin-echo blood oxygenation level-dependent functional magnetic resonance imaging (SE BOLD fMRI) (Goense et al., 2007) . Consequently, given the allegedly even higher blob/interblob difference found by Zheng and colleagues and a blob size of ϳ0.25 mm, blobs should be detectable using high-resolution MRI. However, to our knowledge, blobs have never been identified using MRI technology. This led to the present study, in which a careful reappraisal of CO activity, vascular density, and evaluation of perpendicular vessels was performed in V1 of macaque and squirrel monkey. We did indeed find a difference in vascular density between blob and interblob regions, but one order of magnitude smaller (Saimiri, 4.6%; Macaca, 4.4%) than published previously. This smaller difference is in accordance with the vascularization and CO activity differences found across cortical layers, which span a considerably larger range.
Materials and Methods
Animals. The brains of two adult squirrel monkeys (Saimiri sciureus; one male, 5 years of age; one female, 15 years of age) and two adult macaques (Macaca nemestrina; two males, 13 and 15 years of age) were used in this study. The colonies of these animals were bred at the Ludwig Maximilian University of Munich, where they were involved in long-term observations concerning their circadian rhythms and social behavior. No invasive experiments were performed. Animals were killed with pentobarbital (120 mg/kg; in accordance with the guidelines of the American Veterinary Association Panel on Euthanasia and with the recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory Animals). All procedures were approved by the local authorities (Regierungspräsidium) and are also in compliance with the guidelines of the European community (EUVD 86/609/EEC) for the care and use of laboratory animals.
Histochemistry. The macaques were perfused transcardially under deep sodium pentobarbital anesthesia with 8 L of 0.9% body temperature heparinized 0.1 M PBS, followed by 2 L of cold 2% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), then 4 L of 4% PFA (Roti Histofix; Carl Roth) in 0.1 M PB, and finally 1 L of 10% sucrose (Sigma-Aldrich) in 0.1 M PB. The procedure and the chemicals were the same for the squirrel monkeys, but with only 2 L of 0.9% body temperature heparinized 0.1 M PBS, followed by 0.5 L of cold 2% PFA in 0.1 M PB, then 1 L of 4% PFA in 0.1 M PB, and finally 0.25 L of 10% sucrose in 0.1 M PB. The brain was removed from the skull immediately after perfusion. The primary visual cortex of one hemisphere was removed, slightly flattened with a strip of gauze pressing the piece of tissue with the cortical surface against a glass slide, and postfixed overnight in 4% PFA containing 10% sucrose. The flattening procedure resulted in tangential sections from the lateral surface of the primary visual cortex, approximately parallel to the cortical layers. The other hemisphere was not flattened and was sectioned horizontally. Sections in which the cutting plane was vertical to the cortical surface of V1 were taken for layerwise investigations of CO intensity. The following steps were kept as short as possible to preserve the best obtainable CO activity. For cryoprotection before sectioning, the brain blocks were placed in a series of sucrose solutions of increasing concentration (10, 20, and 30%) in 0.1 M PB until they sank. Sixty-micrometer-thick (previously calibrated) tangential and horizontal sections were then cut on a freezing sliding microtome (Microm HM 440E), for the tangential sections, from the cortical surface to the white matter. All sections were processed first for CO staining (Wong-Riley, 1979 , 1989 Wong-Riley and Welt, 1980; Carroll and Wong-Riley, 1984) . Incubation times varied between 4 and 8 h, depending on the freshness of the tissue, the time required for cryoprotection, respectively. The sections optimally showing the blobs were afterward processed for fluorescence immunohistochemistry to label collagen type IV to visualize the vasculature (Hamann et al., 1995; Fukuda et al., 2004; Weber et al., 2008) . They were collected in 0.1 M PB and then transferred to staining solution consisting of 0.05% DAB (3,3Ј-diaminobenzidine tetrahydrochloride), 0.04% cytochrome c from horse heart, and 3% sucrose (all from Sigma-Aldrich) in 0.1 M PB. Incubation was performed free-floating with gentle agitation at 37°C under visual control until the contrast between blobs and interblobs was found to be sufficient. The staining reaction was stopped by washing three times for 5 min each time in 0.1 M PB. The sections were blocked to prevent nonspecific binding of the antibody by 1 h incubation at room temperature in 10% normal goat serum (collected and provided by the Max Planck Institute for Developmental Biology, Tübingen, Germany), 2% BSA (Sigma-Aldrich), and 0.4% Triton X-100 (Carl Roth). The primary antibody (monoclonal anti-collagen type IV; clone col-94; SigmaAldrich) was added to fresh blocking solution (same preparation as above) at a dilution of 1:500 and the sections were incubated for 72 h at 4°C (Zaitsev et al., 2005) . They were then washed three times, 5 min, in 0.1 M PBS before being incubated another 72 h at 4°C in the dark in 0.1 M PBS containing a 1:500 dilution of the secondary antibody (Cy-3-conjugated goat anti-mouse IgG (HϩL); Jackson ImmunoResearch). After a last series of three washes in 0.1 M PBS, the stained sections were mounted on glass slides and coverslipped wet in polyvinyl alcohol (Mowiol 4 -88; Hoechst) containing 4% DABCO (1,4-diazobicyclooctane) (Merck) as an antifading reagent to preserve fluorescence.
Microscopy. Cy-3 and bright-field images of identical fields of view were acquired using a fluorescence microscope (Axiophot; 5ϫ objective; Carl Zeiss) equipped with a monochrome CCD camera (Axiocam MRm, controlled by Axiovision 4.3; Zeiss).
Nomenclature. We followed the naming scheme for layers of the primary visual cortex of Brodmann (1904 Brodmann ( -1905 , with the additional subdivision of layer IVc into two sublayers (namely layer IVc-a and IVc-b) as introduced by Polyak (1957) .
Data analysis. Most measurements were made on micrographs taken from the one or two tangential sections through layer II/III that showed the blobs most clearly (see Fig. 1 A) . Twenty two-channel images (see Fig.  2 ), ϳ1.1 ϫ 1.4 mm in size, were analyzed per animal. The original Cy3-labeled blood vessel micrographs were filtered, thresholded, and inverted to yield binary images of the vasculature that were appropriate for additional processing (Matlab; The MathWorks) to yield single-pixel-wide midline traces of the vessels (see Fig. 3A -C). Larger perpendicular blood vessels were filled manually on the inverted images (see Fig. 3 B, BЈ) to avoid measuring their circumference instead of their length. The total projected vessel length was measured on these eroded traces; the length density (in millimeters per cubic millimeter) was then stereologically corrected (taking into account the bias induced by the finite section thickness) (Russ and Dehoff, 2000) . Details of the density calculation are given in the appendix of Weber et al. (2008) . Blobs were identified by visual inspection and region of interest (ROI) borders were manually drawn where staining intensity dropped to background. To test the influence of the manual ROI definition, the ROIs were automatically eroded and dilated in steps of 10% of the original ROI area. For the interblob regions, the total vessel length and volume were determined in the whole image and the sums of the lengths and volumes of the blobs from that respective image were subtracted.
To ensure that the half-automated image processing yielded the same results as a manual delineation of the vasculature (Zheng et al., 1991) , two representative images per animal were drawn in Adobe Photoshop CS with a pen tablet (Bamboo Fun; Wacom) on the basis of the anti-collagen staining, further processed as described previously, and the results compared (see Fig. 3D ). Only minor deviations of these differently generated vessel courses from each other could be observed, and after thorough comparison this effect was rated as negligible. Zheng and colleagues have chosen to define vascular density in millimeters per square millimeter rather than in millimeters per cubic millimeter. It is important to note that the relative difference in percentage between the investigated subregions does not depend on the chosen unit.
For the layerwise evaluation of the CO staining intensity, micrographs from the horizontal sections (like Fig. 1 A, but monochrome) were taken, and ROIs for the cortical layers and for the blob and interblob regions in lower layer III were defined. For the tangential evaluation, the same CO-stained bright-field micrographs and blob ROIs as described for the blood vessel quantification were taken. The layerwise gray values from the horizontal sections were measured and normalized to make them consistent with the CO activity measurements from previous work (Weber et al., 2008) . More precisely, the mean gray value across all layers was normalized to be the same in both studies. The gray values measured on tangential sections that originate only from blob and interblob regions were then normalized to be comparable with the data measured on horizontal sections (mean of blob and interblob from each respective micrograph measured tangentially matched the mean of blob and interblob value measured horizontally).
The evaluation of perpendicular blood vessels was performed on the original Cy3-labeled fluorescent images. They were not defined by their diameter, because some feeding arteries and draining veins already ramify to capillaries in the upper cortical layers (Duvernoy et al., 1981) and could therefore be rather thin when reaching lower layer III, where the measurements were made. Evaluated vessels ran perpendicularly to the cutting plane and therefore appeared as open (larger vessels) or filled (smaller vessels) circles and were surrounded by the characteristic empty space known as "Zirkumvasaler Kapillarfreier Raum" (Pfeifer, 1930) or "Pfeifer space" as cited by several other authors (Lierse, 1963; Saunders and Bell, 1971; Duvernoy et al., 1981 ) (see Fig. 2 B) . A boundary box was manually drawn around each perpendicular vessel on the anti-collagen-stained vessel images. Within this boundary box, an ellipse was automatically fitted to the vessel (least-square fit). The minor axis of the ellipse was taken as the estimate of the vessel diameter. An overlay with the blob ROIs provided the definition of blob and interblob vessels. These analyses were performed with Matlab (The MathWorks).
Results

Number and distribution of blobs
In both primate species, individual blobs appeared to be mostly round or elliptical in shape and were uniformly distributed in tangential sections through layer III of the primary visual cortex V1 (Figs. 1 A, 2A) . On average, a single blob occupied an area of 2.6 ϫ 10 4 Ϯ 0.06 ϫ 10 4 m 2 in Saimiri and 3.8 ϫ 10 4 Ϯ 0.1 ϫ 10 4 m 2 in Macaca and occurred with a frequency (see Fig. 4 A, left-hand side) of 6.8 Ϯ 0.26/mm 2 (ϮSEM; n ϭ 406 blobs in N ϭ 40 micrographs) and 7.4 Ϯ 0.27/mm 2 (ϮSEM; n ϭ 443, N ϭ 40). Our data revealed no statistically significant difference between the species with respect to the spatial density of blobs, whereas the difference with respect to the mean size of the blobs was significant (independent t test, t ϭ 9.37, p Ͻ 0.001).
Vascular density
The larger blood vessels feeding and draining the capillary bed (i.e., arteries and veins) are running perpendicular to the cortical surface. The number and the mean diameter of these vertical blood vessels was different between squirrel and macaque monkeys (independent t test, t ϭ Ϫ5.42, p Ͻ 0.001). We counted 28.2 Ϯ 0.64 vessels/mm 2 in squirrel monkeys (ϮSEM; n ϭ 1675 vessels in N ϭ 40 micrographs) and 23.6 Ϯ 0.57 vessels/mm 2 in macaques (ϮSEM; n ϭ 1407; N ϭ 40) (see Fig. 4 A, middle). The mean diameter of these vessels was 23.8 Ϯ 0.16 m in squirrel monkeys and 26.1 Ϯ 0.19 m in macaques (independent t test, t ϭ Ϫ8.98, p Ͻ 0.0001) (see Fig. 4 A, right). Large perpendicular cortical vessels were preferentially positioned in the interblob regions in both species (see Fig. 4C , left-hand side), with 24.9 Ϯ 1.1 vessels/mm 2 in blobs and 28.9 Ϯ 0.7 vessels/mm 2 in interblobs in Saimiri and 21.0 Ϯ 1.1 vessels/mm 2 in blobs and 24.7 Ϯ 0.6 vessels/mm 2 in interblobs in Macaca (ϮSEM; N ϭ 40; paired t tests, t Saimiri ϭ Ϫ3.6, t Macaca ϭ Ϫ3.0, p Ͻ 0.01). This corresponded to a ratio of blob to interblob vessels of 1:1.2 in both species if all vertical vessels, of which the smallest had a diameter of 8 m, were taken into account. However, increasing this threshold changed the ratio (see Fig. 4 E, F ). Equal numbers of vertical blood vessels were measured in both areas when only those with a diameter Ͼ25 m (Saimiri) or Ͼ28 m (Macaca) were counted. By raising the threshold further, the ratio was reversed (slightly higher number of perpendicular vessels within blobs).
Next, we analyzed whether the overall vascular density followed the distribution of the perpendicular vessels. We found that less perpendicular vessels in the blobs correlated with a higher vascular length density. Figure 2 shows an example of a double-stained sample. CO staining was used to define the blobs (Fig. 2 A) and fluorescent anti-collagen staining to label and quantify the blood vessels (Figs. 2 B, 3) . This analysis showed a generally higher vascular density in the Saimiri for all subareas examined (Fig. 4B) . Moreover, the vascular length density in the blobs was consistently higher than in the surrounding interblob regions (Fig. 4 D) . Quality of individual staining for CO activity and blood vessels in double-stained specimen, here a 60-m-thick tangential section from a squirrel monkey. A, A 50ϫ magnified bright-field micrograph from a similar section as in Figure 1 showing some CO blobs. B, Fluorescence micrograph from the same area of the same section as in Figure 3A , showing the blood vessels stained with a primary antibody against collagen type IV and a secondary antibody labeled with Cy3. Scale bar, 200 m.
On average, the length density of all blood vessels within blobs was 4.6% higher than in interblob regions in squirrel monkeys and 4.4% higher in blobs compared with interblobs in the macaque (N ϭ 40; paired t tests, t Saimiri ϭ 6.1 and t Macaca ϭ 8.3, p Ͻ 0.0001). It has to be noted that the measured length density should be unbiased by the unequal distribution of large perpendicular vessels. Whether the measurement of the volume fraction would yield another relationship of blob to interblob vascularization remains an open question. Analysis of the influence of manually identified blob boundaries on the difference in vascular density between blobs and interblobs revealed the existence of a narrow rim surrounding the blobs with an even higher vascular density than within the blobs (Saimiri, 624.5 Ϯ 12.4 mm/mm 3 ; Macaca, 554.7 Ϯ 9.6 mm/mm 3 ). However, this region seems not to belong to the blobs in the strict sense, as no strong CO staining was apparent. When only this rim was compared with the respective interblob area (Saimiri, 587.3 Ϯ 10.2 mm/mm 3 ; Macaca, 516.3 Ϯ 9.4 mm/mm 3 ), the difference was found to be 6.3% for squirrel monkey and 7.4% for macaques (N ϭ 40; paired t tests, t Saimiri ϭ 5.0 and t Macaca ϭ 7.9, p Ͻ 0.0001). Nevertheless, there were no significant differences between blobs and blob surroundings or between the original and the smaller interblob region.
Cytochrome oxidase activity
The fact that the cytochrome-rich blobs showed a higher microvascular density compared with interblob regions was consistent with the fact that CO activity is a marker for the degree of oxidative metabolism. However, this difference in vascular density was relatively small, particularly when compared with the differences between the cortical layers (Weber et al., 2008) . To better understand this discrepancy, we quantified the CO activity in more detail.
The difference in CO staining intensity of blobs compared with interblobs in the horizontal sections was slightly more pronounced in the macaque [Fig. 5A , left-hand side: Saimiri: 0.05 Ϯ 0.006 arbitrary units (a.u.), N ϭ 10; Macaca: 0.08 Ϯ 0.010 a.u., N ϭ 12; ϮSEM; independent t test, t ϭ 2.53, p Ͻ 0.05]. Visual inspection indicated that the difference between blobs and interblob regions was smaller compared with the differences across cortical layers (Fig. 1 A, B) . In relative terms, the blob-interblob difference in CO activity was 8% in Saimiri and 10% for Macaca. This was considerably smaller than the CO activity range across cortical layers, with a respective maximum difference of 64% in Saimiri between layer I and the upper subdivision of layer IVc (i.e., layer IVc-a) and 54% in Macaca between layer V and layer IVc-a.
Measurements on the tangential sections yielded a more pronounced blob-interblob difference in CO activity in Saimiri compared with Macaca (Fig. 5A , right-hand side: Saimiri: 0.07 Ϯ 0.002 a.u., N ϭ 40; Macaca: 0.06 Ϯ 0.003 a.u., N ϭ 40; ϮSEM; independent t test, t ϭ Ϫ3.13, p Ͻ 0.01).
The overall correlation of CO activity and vascular density in blobs and interblobs was comparable with that observed for the different cortical layers (Fig. 5C ), despite being measured in sections of different orientations. As a consequence, the regionally different staining intensities, whether between layers or other subareas, reflected differences in vascularization and vice versa (Fig. 5B) .
Discussion
The energy cost of the brain is the sum of a variety of complex biophysical processes (Attwell and Laughlin, 2001; Jolivet et al., 2009 ). The local metabolic rate is reflected in regional glucose utilization (Humphrey and Hendrickson, 1983) and, partly, in regional CO activity (Borowsky and Collins, 1989; Wong-Riley, 1989) . The proportional consumption of each cerebral element with respect to total brain energy requirements is not clear, and correlating cellular and synaptic density with energy metabolism and vascular density is not straightforward (Baborie and Kus- chinsky, 2006; Weber et al., 2008; Tsai et al., 2009 ). However, metabolic activity is mirrored by regional vascularization (Patel, 1983; Borowsky and Collins, 1989; Weber et al., 2008) . The present study is consistent with a strong correlation between oxidative metabolism and vascularization. It is becoming increasingly clear that neuronal activity, cerebral metabolism, and blood flow constitute a tightly coupled ensemble, which is reflected structurally by a vascular density that is highly correlated with local average metabolic activity.
One consequence of this relationship is that brain regions definable anatomically by enzyme histochemistry can be identified in vivo using high-resolution hemodynamic imaging. Layer IVc of the macaque's primary visual cortex displays a vascular density that is ϳ30% higher than in the other layers (Weber et al., 2008) . This vascularization difference results in discernability of layer IVc in highresolution SE BOLD fMRI (Goense et al., 2007) . Zheng et al. (1991) have estimated the difference in vascular density between blobs and interblobs in primate V1 to be 42%. Given such a large difference in vascular density, and their relatively large size, blobs should be discernible by stateof-the-art tomographic functional imaging. However, to our knowledge, this has never been shown and the present study now provides the reason for this.
In agreement with Zheng and colleagues, we found a significant difference between blob and interblob regions, but one order of magnitude smaller. Although interindividual variations between the two animals of each species studied here were marginal, it remains possible that other individuals might show more pronounced differences. However, a previous study on layerwise vascularization (Weber et al., 2008) showed very little varia- Figure 4 . Top panel, Interspecies differences in numbers of blobs, numbers and diameters of perpendicular vessels, and density of vascularization. The asterisks indicate a statistically significant difference, and the error bars show SEM. A, The histogram shows counts per area (left y-axis) of blobs and vertical blood vessels and mean diameter (right y-axis) of vertical blood vessels in squirrel and macaque monkeys. The number of blobs is 8.1% higher in Macaca (difference not significant), whereas the number of perpendicular vessels is 19.5% higher in squirrel monkeys compared with macaques. The mean diameter of these vertical vessels is 9.6% greater in macaques. B, The histogram shows the vascular length density in millimeters per cubic millimeter in blobs, interblobs, and overall for the two species investigated. The length density of blood vessels in tangential sections through layer III is significantly different between squirrel and macaque monkeys in all investigated subareas, and the squirrel monkey has in general a ϳ11.5% higher vascular density than the macaque. Middle panel, Numbers of perpendicular vessels and density of vascularization between blobs and interblobs in primates' V1. The asterisks indicate a statistically significant difference, and the error bars show SEM. C, The histogram shows counts per area (left y-axis) and mean diameter (right y-axis) of vertical blood vessels in blobs and interblobs of squirrel and macaque monkeys. The left half of the histogram shows the number of perpendicular vessels, and the right-hand side shows the diameters of the vessels in blobs and interblobs. In both species investigated, there are significantly more perpendicular vessels per area in the interblob areas (i.e., 16.1% more in Saimiri and 17.6% more in Macaca). The diameter of these is only a little larger within the blobs, 5.9% in Saimiri and 2.4% in Macaca. D, As shown in the histogram, the vascularization of blobs and interblobs is significantly different in both species investigated. The vascular density inside the blobs is 4.6% higher in Saimiri and 4.4% higher in Macaca compared with the interblob region. The sparsely hatched bar at far left shows 4 vascularization in the immediate surroundings of the blobs, measured in a rim around each blob amounting to 50% of the area of the individual blob. The thinly outlined bar at far right represents vascularization in the interblob region without the surroundings. The vascularization difference between blob surround and respective interblob region is 6.3% in Saimiri and 7.4% in Macaca. Bottom panel, Cumulative curve showing the number of vertical vessels per area in blobs and interblobs in relation to the threshold diameter applied for the quantification. Note the crossing of the traces at a certain diameter value. Below this threshold there are more perpendicular vessels in the interblob regions, and above it the ratio reverses and more vertical vessels are found within blobs. E, In the squirrel monkey, the threshold diameter is 25 m. F, In the macaque monkey, the threshold diameter is 28 m.
tion across four animals. Additionally, both CO activity and vascular density measured for blobs and interblobs lie well within the range of the values for the cortical layers (Fig. 5C ). More specifically, the relative range across cortical layers is similar for CO activity [54%, data from this study; 36% from the study by Weber et al. (2008) ] and vascular density [55%, data from the study by Weber et al. (2008) ]. The difference in CO activity between blobs and interblobs is considerably smaller (ϳ10%) and accordingly the difference in vascularization can also be expected to be smaller.
The discrepancy between these studies is most likely caused by the different methods used to visualize the blood vessels. Zheng et al. (1991) analyzed CO images to quantify the vascular density. They used transillumination with the condenser aperture stopped down to enhance vessel contrast. It is possible that this might have worked well for the darker CO stained blobs, but not for the unstained interblob region, which could result in underestimation of the vascular density in the interblobs. Our combined fluorescent and bright-field microscopic double-staining approach is unaffected by such bias. The volumetric length density values (in millimeters per cubic millimeter) can easily be converted to the areal length density used by Zheng et al. (1991) (in millimeters per square millimeter). Indeed, we find the absolute numbers for blob regions to be very similar in the two studies, whereas the interblob values of Zheng et al. (1991) are considerably smaller than ours.
Both element density (i.e., sum of neurons, synapses, and glia) and number of incoming connections of the blobs is not as large as that of layer IVc (O'Kusky and Colonnier, 1982; Carroll and Wong-Riley, 1984) , although spontaneous activity of blob neurons seems to be comparable with layer IVc (Livingstone and Hubel, 1984) . The latter might be related to the lack of orientation selectivity in most blob neurons, which would make them more active in most natural viewing conditions (Livingstone and Hubel, 1984) . This could in turn cause the on-average stronger CO staining reactivity of mitochondria in dendrites and axon terminals within blobs, whereas synaptic (Carroll and WongRiley, 1984) and cellular densities (Trusk et al., 1990) are not different between blobs and interblobs.
A related more general phenomenon is the coincidence of CO activity with sites of direct thalamic input, as proposed by WongRiley (1979) , Livingstone and Hubel (1982) , Fitzpatrick et al. (1983), and Martin (1988) for review. The blobs receive afferents from the koniocellular layers of the lateral geniculate nucleus, whereas parvocellular and magnocellular layers project to cortical layers IVc and VI (Fitzpatrick et al., 1983; Hendry and Yoshioka, 1994; Ding and Casagrande, 1997) . However, it does not seem to be the quantity of synapses alone, but their quality that relates to an increase in CO activity, given the fact that thalamic afferents account for only ϳ5% of the total amount of excitatory synapses in layer IV in V1 of cats (Ahmed et al., 1994) . For layer IVc of V1 of the macaque, a thalamic proportion of ϳ5-10% of all synapses was reported by Garey and Powell (1971) , and Latawiec et al. (2000) estimate that parvocellular afferents build ϳ8% of all asymmetric synapses there. In V2, thick and pale stripes receive afferents from the same source in V1 (Sincich and Horton, 2002) with the pale stripes in fact getting most of these. However, V2 also receives a major projection from the pulvinar, which matches the distribution of CO activity in V2 (Livingstone and Hubel, 1982; Levitt et al., 1995) . Furthermore, Land and Erickson (2005) reported that CO-dark subbarrel domains contain high densities of thalamocortical terminals as shown with a marker for VGluT2 in the rat. In several species, a honeycomblike pattern was found at the border between neocortical layers I and II, where CO activity and thalamocortical terminations coincide (Ichinohe et al., 2003) .
These findings are in accord with the results of Borowsky and Collins (1989) : capillary density paralleled glucose utilization and to some extent CO activity; furthermore, the latter coincided spatially with synaptic input from the thalamus. Interestingly, vascular density correlated negatively with lactate dehydrogenase activity. Therefore, different metabolic activity patterns (i.e., the Figure 5 . Relative CO activity in blobs and interblobs and across the cortical layers and its correlation to vascular density. Data from Weber et al. (2008) are added. The CO staining intensity was measured as gray values in black-and-white images from vertical sections (as in Fig. 1B ) and tangential sections (as in Fig. 2A ). CO activity was normalized as described in Materials and Methods to allow comparison of images from different section orientations, different overall staining intensities, and therefore different image acquisition parameters. The asterisks indicate a statistically significant difference, and the error bars show SEM. A, The histogram shows CO activity in arbitrary units for blobs and interblobs in horizontal and tangential sections from squirrel and macaque monkeys. It is significantly higher in blobs than in interblobs in both species investigated, which is already clearly visible by eye in Figures 1A and 2A . The differences are comparable across all acquisition modalities. In horizontal sections, it is 7.9% in Saimiri and 9.5% in Macaca, and in tangential sections, 12.0% in Saimiri and 9.9% in Macaca. B, The solid traces show the relative CO activity (bottom axis) across all cortical layers of the primary visual cortex in squirrel and macaque monkey. The course of the traces could already be assumed after the visual examination of Figure 1B . It also mirrors the capillary density shown in the dashed trace [top axis; only data for the macaque available from the study by Weber et al. (2008) ]. C, Correlation between CO activity and vascular density across cortical layers, emphasizing the close relationship between CO activity and vascular length density (filled circles) and the good agreement with previously published data (open circles) (Weber et al., 2008) . The data from blob and interblob areas on tangential sections (open squares and diamonds; x and y error bars show SD) also lie well within the same range.
spatial distribution of oxidative and glycolytic enzymes) might be linked to specific cortical input pathways. The specialized properties of thalamocortical synapses are consistent with this notion. Although the number of thalamic synapses in relation to the excitatory synapses from intracortical sources is small, their impact on the cortical network is significant (Douglas and Martin, 2007) . Increased CO activity in thalamic projection sites might arise from the concerted activity of thalamic axon terminals or the postsynaptic properties of their target neurons.
Another noteworthy result of the present study is the different number of perpendicular vessels in blobs and interblobs. Again, there is a discrepancy between previously published data (Zheng et al., 1991) and our own. First, our quantification yielded numbers that are approximately three times higher than in the study by Zheng et al. (1991) , and second the local preference of the vertical vessels was the opposite of the previous report (i.e., we found significantly more perpendicular vessels in interblob areas). These discrepancies might arise from the different parameters used for counting. We did not use the diameter of the vessels as a criterion, but their direction with respect to the cortical surface and their morphological characteristics. The vessel caliber was evaluated in a later stage of the analysis. There are different categories of cortical feeding arteries and draining veins defined by their depth of penetration before ramification to capillaries (Duvernoy et al., 1981) . The perpendicular orientation of the vessels, clearly visible in tangential sections (Fig. 2 B) , and the characteristic space around these vessels void of capillaries (Pfeifer, 1930; Lierse, 1963; Saunders and Bell, 1971; Duvernoy et al., 1981) were taken as basis for the determination of feeding and draining blood vessels, without taking into account their diameter. It has to be noted that this methodology inevitably underestimates vessel numbers because of the fact that the smallest feeding and draining vessels do not even penetrate layer II/III, from which the tangential sections were taken. However, vessels that already tapered to a small caliber when reaching layer II/III were registered with our approach. This might explain the discrepancy between our data and those published by Zheng et al. (1991) , where only perpendicular vessels with a diameter Ͼ20 m were counted. As shown in Figure 4 E, the threshold set has a great impact on the outcome of the quantification. One possible conclusion is that perpendicular vessels in general (i.e., regardless of their size) are preferentially located between blobs, whereas large perpendicular vessels tend to be located within blobs.
In summary, blobs undoubtedly show a higher metabolic activity, as seen by CO histochemistry, and a small but significantly increased vascular density. This probably reflects the higher metabolic capacity related to the anatomical and functional features of the blob. Unfortunately, the difference in vascular density between blobs and interblobs is small, and the noninvasive neuroimaging techniques of today are unable to detect it.
